We compared the complications and outcome of tibial lengthening using the Ilizarov method with and without the use of a supplementary intramedullary nail. In a retrospective case-matched series assembled from 176 patients with tibial lengthening, we matched 52 patients (26 pairs, group A with nail and group B without) according to the following criteria in order of importance: 1) difference in amount of lengthening (± 2 cm); 2) percentage difference in lengthening (± 5%); 3) difference in patient's age (± seven years); 4) aetiology of the shortening, and 5) level of difficulty in obtaining the correction. The outcome was evaluated using the external fixator index, the healing index and an outcome score according to the criteria of Paley. It was found that some complications were specific to group A or B respectively, but others were common to both groups.
We compared the complications and outcome of tibial lengthening using the Ilizarov method with and without the use of a supplementary intramedullary nail. In a retrospective case-matched series assembled from 176 patients with tibial lengthening, we matched 52 patients (26 pairs, group A with nail and group B without) according to the following criteria in order of importance: 1) difference in amount of lengthening (± 2 cm); 2) percentage difference in lengthening (± 5%); 3) difference in patient's age (± seven years); 4) aetiology of the shortening, and 5) level of difficulty in obtaining the correction. The outcome was evaluated using the external fixator index, the healing index and an outcome score according to the criteria of Paley. It was found that some complications were specific to group A or B respectively, but others were common to both groups.
The outcome was generally better in lengthenings with a nail, although there was a higher incidence of rectifiable equinus deformity in these patients.
The Ilizarov method
1 has been widely used for limb lengthening and correction of deformity, which involves two distinct phases of distraction and consolidation. Consolidation requires prolonged use of the fixator associated with discomfort and the risk of complications. In order to accelerate healing and start rehabilitation early, Paley et al 2 developed the technique of lengthening over an intramedullary (IM) nail. Although the method has been widely adopted, it is not without complications, 3 some of which are shared with the conventional Ilizarov technique, but others specific to the technique itself.
Although comparisons of the complications associated with lengthening and deformity correction using the conventional Ilizarov method and lengthening over a nail have been attempted, they are fraught with difficulties including limited numbers of cases, 4 unmatchable locations of lengthening 5 and inconsistent types of fixator. 4 It is hard to design a randomised controlled study that compares the advantages and disadvantages of lengthening with or without a nail because of factors such as bone morphology, open physis and patients' socioeconomic status that might influence clinical decisions and preclude the use of a particular form of treatment. In spite of these hurdles, attempts have been made to investigate this by matching comparable cases. 2, 6 In our opinion many studies have concentrated only on the more severe complications, without addressing the incidence of smaller, more frequent complications. 2, 4, 5, 7 Accordingly, we have investigated the complications and outcomes of tibial lengthening with and without a supplementary IM nail in a matchedcase comparison.
Patients and Methods
We retrospectively reviewed 176 patients (289 tibiae) treated with tibial lengthening from 2003 to 2008. Of these, 143 tibiae (49.5%) in 80 patients (45.5%) were lengthened over a nail, and 146 tibiae (50.5%) in 96 patients (54.5%) were lengthened without a nail. The case matching was done as per the five criteria in order of importance: 1) difference in the amount lengthened (± 2 cm); 2) difference in the percentage lengthened (± 5%); 3) difference in patient's age (± seven years); 4) aetiology (congenital, developmental or traumatic); and 5) level of difficulty. The definition of level of difficulty was defined according to Paley's criteria. 2 Altogether 26 pairs of patients were matched as group A and group B, of which 21 pairs were matched to all the five criteria and five pairs matched according to four criteria. The unmatched criterion in these five pairs was the 'level of difficulty', with a difference of one level between the cases.
The 26 male patients in whom a nail was used in the lengthening process were assigned to group A, which included 49 tibiae (23 bilateral, two left and one right). Group B comprised 26 matched patients who had the lengthening accomplished without the use of a nail, which included 18 males and eight females with 49 tibiae (23 bilateral, two left and one right). The laterality was also successfully matched in the monolateral cases, namely, right-side to the right and left-side to to the left. In group A, all 49 tibiae had a monofocal osteotomy. In group B, 21 tibiae had a monofocal osteotomy similar to group A, and 28 tibiae underwent bifocal osteotomy. The mean followup was 23.6 months (15.5 to 30.0) in group A and 25.1 months (14.9 to 32.5) in group B. From the total number of patients who were not included in the matching process, those for whom lengthening was undertaken with a nail were denoted as group C, and those for whom lengthening was undertaken without a nail were named group D. The complete spectrum of disorders found in all the patients is shown in Table I . The demographics of the four groups are outlined in Table II .
All the operations were performed by the same senior surgeon (HRS) and the tibiae were lengthened with Ilizarov hybrid fixators (U&I, Seoul, Korea). The common peroneal nerve was released prophylactically in all cases. Three ring fixators were applied to the tibiae. The proximal and distal 
The value p b-a means the p-value when comparing group A and B, and the rest is by analogy. Test level was adjusted as 0.017 after Bonferroni correction because of the multiple comparison. The descriptive statistics are expressed as median or mean depending on whether the data was normally distributed * indicates statistical significance rings were secured to the tibia with wire(s) plus Schanz screw(s). Osteotomy of tibia and fibula was undertaken with multiple drill holes completed with an osteotome. The proximal and distal tibiofibular joints were secured by one wire attached to the respective ring to prevent migration of the fibula over tibia. In group A, an IM AO unreamed nail with a diameter 1 mm or 1.5 mm smaller than the isthmus of tibia was used to avoid interference by the nail with lengthening. It was inserted after the osteotomy and locked proximally. The fibular osteotomy was completed at the junction of the middle and distal thirds. Wires and Schanz screws were placed taking care to avoid contact with the nail in the proximal tibia. In group B, one or two Schanz screws were added to the middle ring for better control of the bone segment.
Osteotomy was performed for cases requiring correction of deformity after analysis of the centre of rotation of angulation. In cases with one centre, the osteotomy was performed as near as possible to it. Usually the proximal osteotomy was slightly distal to the centre of rotation and angulation, as it was too near to the site of the proximal pin and wire. The angulation was gradually corrected while lengthening. In cases with two centres, as in patients with achondroplasia, bifocal osteotomies were performed. The proximal osteotomy was similar to that required for patients who had one centre and lengthening with deformity correction was performed at this site. The distal osteotomy was performed as near the second centre as possible, and usually slightly proximal to it. Only acute deformity correction was performed at this site. Bifocal fibular osteotomy was done at similar levels.
All the patients were prescribed range of movement (ROM) exercises of the knee and ankle one day after the surgery. The passive stretching of the joints was done for at least three hours per day or longer if tolerated by patients themselves or by those supervising their care. Stirrups were used to maintain a neutral ankle position at rest or during sleep. Pin-site care was meticulously followed with daily cleansing with saline, alcohol and sterile dressings.
The distraction was initiated at the rate of 0.25 mm, four times a day after a latency of seven days. The patients were followed at two-week intervals during lengthening and four-week intervals during consolidation. Clinical and radiological examination was performed at each follow-up. Patients were allowed partial weight-bearing with crutches. Pin sites were monitored and oral antibiotics were prescribed at the earliest sign of infection. Standard anteroposterior (AP) and lateral radiographs of the tibiae were obtained using the Picture Archiving and Communication System applying Young's method to optimise the visualisation of the regenerate. 8 The distraction regime was tailored according to the morphology of the callus observed on the radiograph. When the desired length had been achieved, the IM nails were locked distally and the external fixators were removed. The patients were allowed full weight-bearing when two cortices were visible in the regenerate in group A, since the nail confers some additional stability. This generally occurred after the removal of the fixator. In group B full weight-bearing was delayed until three cortices were visible; this occurred before removal of the fixator. Subsidence of the callus was also noted by subtracting the final gained length from the maximal gain in length. 9 More than 1 cm of subsidence was considered clinically important and counted as a sequela.
When patients developed a fixed equinus deformity resistant to correction with stretching and physiotherapy, intramuscular release of gastrocnemius and soleus was undertaken by the Vulpius technique. 10 If the equinus could be corrected with this procedure, the feet were neutralised with a stirrup. If still not corrected, a 'U' shaped frame was applied to the feet with Kirschner (K)-wire fixation of the metatarsals and calcaneum for gradual correction of the equinus. If required, this was performed three to four months after the primary procedure. In group A, however, it was done at the time when the distal locking screws were inserted but removal of external fixator was delayed until the equinus was completely corrected.
The complications were classified as problems, obstacles and sequelae according to the criteria of Paley.
11 They were also classified as soft-tissue related, such as pin-site infection, joint stiffness, knee contracture, knee laxity and ankle laxity or equinus; bone-related, such as axial deviation, delayed consolidation, premature consolidation or fibular head subluxation; and instrument-related, as failure of a nail, screw or wire.
More than 10° of axial deviation was considered clinically significant and counted as a complication. 9 Knee laxity was assessed at 0° of extension and 30° of flexion to varus and valgus stress forces and graded based on the extent of joint opening. 12 Fibular head subluxation was indicated by abnormal movement of the fibular head with the knee in 90° of flexion. 9 Ankle laxity was assessed by the anterior drawer test and by lateral stress. 13 In patients with pre-existing laxity of peri-articular tissue, such as in achondroplasia, knee and ankle laxity was recorded only if it was found to have decreased by more than one grade of laxity. 14 The following parameters were also documented: 1) the gain in length measured on the radiograph; 2) mean duration of external fixation that was calculated as the time from surgery to the removal of the fixator; 3) the external fixator index, calculated as the time in external fixation divided by the total gain in length (month/cm); and 4) the healing index, calculated as the time needed for two cortices in group A and three cortices in group B to reach a pixel value ratio of 1.0, divided by the total gain in length (month/cm). The pixel value ratio is a parameter to describe the maturity of the callus; the greater the value, the more mature the callus is. Its measurement and calculation has been well described. [14] [15] [16] [17] [18] [19] [20] The healing index records the time needed to reach a certain level of bone quality for the regenerate. The lower the value, the more ideal the regeneration. A good score can be 0.8 month/cm, which could be observed in an individual with good healing potential plus shorter lengthening; while with long lengthening and poor healing ability, it could be as great as 2.5 month/cm.
The outcomes were reported using the external fixator index, the healing index and an outcome score, which was obtained according to criteria of Paley et al. 2 The final outcome was assessed at least ten months after removal of the fixator or after the final operation to correct the deformity in those with sequelae. Statistical analysis. Statistical analysis was performed using SAS statistical package v 9.2 (SAS Institute Inc., Cary, North Carolina). In order to show the difference among the 52 matched patients (group A and B) and the remaining unmatched 124 patients (group C and D) in terms of age, amount of lengthening, lengthened percentage and level of difficulty, the normality of the data was examined with the Shapiro-Wilk test. The data were then analysed by paired t-test (across group A and B), paired Wilcoxon signed-rank test (across group A and B), unpaired two-sample t-test (across group A and C, B and D) or Mann-Whitney U test (across group A and C, B and D) as appropriate (Table II) . In order to compare the incidence of various complications, difficulties and outcome variables, we again assessed the data for normality. The number of obstacles, sequelae and the external fixator indices were compared using the Wilcoxon signed-rank test. The healing index and the outcome score were compared with paired t-tests. The level of significance was set at a p-value < 0.05 for single comparisons between two groups (e.g., A and B) for these outcome variables and was adjusted to a p-value < 0.017 (i.e., 0.05/3) using the Bonferroni correction for multiple comparisons between the four groups (e.g., A vs B; A vs C; B vs D).
Results
The demographics of the patients in each group are shown in Table II . The mean age, mean lengthening and mean percentage lengthening were not found significantly different across group A and B, A and C, B and D. The level of difficulty was not found to be significantly different across groups A and B, and A and C, but tended to be higher for group D than group B (the original score of the level of difficulty was used for the comparison).
Altogether 145 complications occurred in group A and 180 complications occurred in group B, the incidence was significantly lower in group A. However, the incidence of problems could not be statistically compared because of insufficient data: the incidence of obstacles was significantly higher in group A, and the incidence of sequelae was significantly lower in group A (Table III) . The external fixator index was significantly lower in group A compared with that in group B; the healing index was also significantly lower in group A; and the outcome score was significantly higher in group A than that in group B (Table IV) .
Most probems in both groups were due to pin-site infection (58% and 44% in group A and group B, respectively).
There was also a high incidence of contracture of the knee in group B (38%). The most common obstacle in both groups was an equinus deformity (36% and 28% in group A and group B, respectively) despite the fact that prophylactic common peroneal nerve release was performed in all patients. Equinus deformity was the most common sequela in group A (57%); axial deviation and callus subsidence each occurred in 29% and the equinus deformity in 19% in group B (Table III) .
Discussion
The incidence of complications in this study is much higher than that in other papers (Table V) , probably because of the difference in the definition of the term. First, we have counted the prophylactic release of the common peroneal nerve as an obstacle to each lengthening, as suggested by Paley. 11 If that were to be excluded, the mean complication rate would be reduced to 2.0 and 2.7 for lengthenings with a nail, and lengthenings without a nail, respectively. Secondly, pin-site infection accounted for a high proportion of problems. Although it is often not regarded as a true complication, 2 its frequent occurrence deserves attention because of the possibility of the development of deep infection. Thirdly, equinus deformity was a common complication during lengthening. Ilizarov 1 suggested passive stretching for six hours per day to prevent it. However, we found that this was difficult for our patients to undertake. Most chose a more active method and opted to stretch the tendo Achillis by weight-bearing with crutches. This practical issue has not been reported and could lead to other complications like axial deviation and callus subsidence as considerable stress could be imparted through the regenerate, even in the presence of the fixator. 17 We warned our patients against doing this. In lengthenings with a nail, an equinus deformity was the most common obstacle. This probably relates to the higher distraction rate with a nail as callus formation seems to be superior in the presence of a nail. The faster rate of lengthening causes increased tension in the soft tissues resulting in a fixed contracture. These could be resolved by conservative or surgical corrective procedures bringing the ankle into a neutral position. This can be maintained with active exercises. Patients with lengthenings with a nail were better able to co-operate with such exercises as they need a shorter time to achieve length and removal of the fixator.
Axial deviation and callus subsidence added to the complications in lengthenings without a nail. Axial deviation resulted from the connective tissue tethering at the posterolateral aspect of the calf causing a valgus and anterior bow of the tibia. 11 This tethering force and the secondary deformity could be significantly neutralised with an intramedullary nail. A previous study showed that callus subsidence often goes unnoticed by surgeons in spite of the high incidence. 18 It is caused by inadequate callus formation and early weight-bearing, which can also cause axial deviation. Laxity of the knee and ankle and THE JOURNAL OF BONE AND JOINT SURGERY subluxation of the fibular head are more occult complications that many surgeons also overlook. 19, 20 We have previously reported these complications, 14 which might be attributed to the property of creep of the ligaments. 21 We believe that the combined effect of viscoelastic relaxation and creep deformation result in joint laxity and subluxation of the fibular head.
22,23
Deep infection is a major concern with the use of a nail. The reported rates range from 3% to 15%. 2, 14, 24, 25 It has been suggested contact of wires and pins with the nail should be avoided to reduce the incidence of this complication. 2 In spite of taking this precaution we still had one deep infection in the lengthenings with a nail. This appeared to be not from contact with wires and pins but from the extension of local infection at the osteotomy site. Other complications related to the hardware, such as wire, nail and screw breakage, did not occur in this series.
We acknowledge the limitations of this study. It is retrospective with an uneven distribution of diagnoses in groups A and B, particularly the distribution of patients with familial short stature and achondroplasia. Even though previous studies showed comparable progression of callus in these conditions 26, 27 and this factor might not impact on the incidence of complications, we should note that soft-tissue laxity is inherent in achondroplasia and this will possibly reduce the soft tissue-related complications, such as equinus deformity and knee contracture. It has been shown that the lengthening percentage is related to the incidence of complications with lengthening < 30% associated with a lower rate. 28, 29 For the purpose of this study, in order to ensure that the groups were matched, we did not include patients who had not been lengthened > 30% and confined our comparison to patients whose lengthening percentage difference was < 5%.
This study is also limited by lack of independence because the tibiae in each group were regarded as independent even though those from bilateral cases were not. Despite these limitations, some conclusions can be drawn. The incidence of complications was lower in the lengthenings with a nail than in those without a nail, particularly axial deviation and callus subsidence. Accordingly the outcome tended to be better in the lengthenings with a nail. This could be attributed to the early removal of external fixator and the possibility of relatively unhindered rehabilitation to deal with the restoration of joint function and also enhanced support offered by the locked IM nail. This has to be weighed against the problem of equinus, which was more common in the lengthenings with a nail probably because of the higher rate of lengthening. It could, however, be rectified by early intervention.
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